In many vertebrate and invertebrate cells, inositol 1,4,5-trisphospate production induces a biphasic Ca2+ signal. Mobilization of Ca2+ from internal stores drives the initial burst. The second phase, referred to as storeoperated Ca2+ entry (formerly capacitative Ca2+ entry), occurs when depletion of intracellular Ca2+ pools activates a non-voltage-sensitive plasma membrane Ca2+ conductance. Despite the prevalence of store-operated Ca2+ entry, no vertebrate channel responsible for store-operated Ca2+ entry has been reported. trp (transient receptor potential), a Drosophila gene required in phototransduction, encodes the only known candidate for such a channel throughout phylogeny. In this report, we describe the molecular characterization of a human homolog of trp, TRPCI. TRPC1 (transient receptor potential channel-related protein 1) was 40%o identical to Drosophila TRP over most of the protein and lacked the charged residues in the S4 transmembrane region proposed to be required for the voltage sensor in many voltage-gated ion channels. TRPCI was expressed at the highest levels in the fetal brain and in the adult heart, brain, testis, and ovaries. Evidence is also presented that TRPC1 represents the archetype of a family of related human proteins. Several signaling mechanisms for store-operated Ca2+ entry have been proposed (for review, see refs. 1, 3-5, 11). In one model, a diffusible messenger is produced or released upon depletion of the intracellular Ca2+ pool, and this messenger then activates the plasma membrane Ca2+ channels (12). A second model suggests that emptying the intracellular Ca2+ stores causes a conformational change in the storage organelle and/or its surface proteins, such as the InsP3 receptor, which is transmitted to plasma membrane Ca2+ channels either by direct coupling or via the cytoskeleton (13, 14) . Despite the prevalence of store-operated Ca2+ entry, no vertebrate SOC gene has been identified. Elucidation of the mechanism responsible for store-operated Ca2+ entry would be considerably aided by cloning and characterizing the channels.
initial burst results from the direct action of InsP3 on the InsP3-gated Ca2W channels of intracellular Ca2+ stores. This primary response quickly subsides, followed by a more sustained rise of cytosolic Ca2W concentration due to protracted Ca2+ entry across the plasma membrane. Ins.P3 also appears to contribute to the second phase of the response because influx of extracellular Ca2+ is initiated by intracellular application of InsP3 (2) .
InsP3 appears to activate the plasma membrane Ca2+ conductance indirectly. Many recent experiments indicate that Ca2+ entry across the plasma membrane is coupled to the depletion of intracellular Ca2+ stores by InsP3 (for review, see refs 1, 3-6) in a process referred to as store-operated Ca2+ entry [formerly capacitative Ca2+ entry (7, 8) ]t. This plasma membrane Ca2+ conductance has been referred to as the Ca2+
release-activated Ca2+ current (Iaac), and the channel responsible for this current is known as the CRAC channel (5, 8) .
Recent data indicate that there are cells, such as the A431 epidermoid cell line, that express channels activated by depletion of Ca2+ stores but with characteristics distinct from those of the prototypical CRAC channel (10) . These channels have higher single channel conductances than CRAC channels, and the current is preferentially carried by Ba2+ rather than Ca2+. Thus, store-operated channels (SOCs) are not limited to CRAC channels.
Several signaling mechanisms for store-operated Ca2+ entry have been proposed (for review, see refs. 1, [3] [4] [5] 11 ). In one model, a diffusible messenger is produced or released upon depletion of the intracellular Ca2+ pool, and this messenger then activates the plasma membrane Ca2+ channels (12) . A second model suggests that emptying the intracellular Ca2+ stores causes a conformational change in the storage organelle and/or its surface proteins, such as the InsP3 receptor, which is transmitted to plasma membrane Ca2+ channels either by direct coupling or via the cytoskeleton (13, 14) . Despite the prevalence of store-operated Ca2+ entry, no vertebrate SOC gene has been identified. Elucidation of the mechanism responsible for store-operated Ca2+ entry would be considerably aided by cloning and characterizing the channels.
A variety of pharmacological and electrophysiological studies indicate that the Drosophila transient receptor potential gene (tirp), a locus required in Drosophila vision, is required for function of a non-voltage-gated Ca21 channel with characteristics of a SQC (17, 18) . Drosophila vision uses the inositol phospholipid signaling system. In response to light-induced inositol phospholipid hydrolysis, two types of channels, a Ca2+-selective and a nonselective cation channel, are activated (for review, see ref. 19 ). In the tip mutant, an abiformal light response is observed using an electroretinogram recording. A wild-type electroretinogram is characterized by a sustained corneal negative response during light stimulation. However, in the tip mutant, the electroretinogram response decays to baseline during prolonged bright illumination (20) . Whole-cell recordings of Drosophila photoreceptor cells indicate that there are light-dependent Na+ and Ca2+ plasma membrane conductances and that the Ca2+ conductance is greatly reduced in tip photoreceptor cells (17, 18, 21) . Although most permeable to Ca2+, the tip-dependent channel is also permeable to Mg2+, but not to Cs+ or Na+ (17) . The tip-dependent channel is not voltage-dependent and appears to be activated by depletion of the internal Ca2+ stores (17, 22) . Although the cation selectivity suggests that the trp-dependent channel is not identical to the CRAC channel, the apparent activation upon depletion of the internal Ca2+ pool indicates that the trpdependent channel is a SOC (17, 22) .
The properties of the tip mutant indicate that trp either encodes a non-voltage-gated plasma membrane channel or a protein required for activity of the channel. Molecular analyses of the tip gene product indicate that tip encodes a channel.
TRP is localized to the plasma membrane of photoreceptor cells and contains multiple putative transmembrane domains (15, 16, 23, 24 9 ).
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known voltage-and ligand-gated ion channels (for review, see ref. 25) . A gene encoding a Drosophila retinal-specific protein with 39% amino acid identity to TRP, TRP-like (trpl), has been identified in a screen for retinal calmodulin-binding proteins (26) . Recent studies in Sf9 cells suggest that TRPL is a nonselective cation channel stimulated by agonists of G protein-coupled receptors (27) (28) (29) . In addition to TRP and TRPL, a third TRP family member has been sequenced in another invertebrate, Caenorhabditis elegans, as part of the genome sequencing project (30) . Each MATERIALS AND METHODS cDNA and Genomic Library Screening. Genomic and cDNA clones were isolated by screening filter lifts from AEMBL3 human genomic and AZAP human fetal brain cDNA libraries (Stratagene), respectively. DNA Sequencing. Samples were sequenced using the fluorescent dideoxynucleotide terminator method of cycle sequencing (32) on a Perkin-Elmer, Applied Biosystems Division 373a automated DNA sequencer (33) . The composite of three cDNAs, HFBEF25, -25B, and -25C, was 5469 bp.
Fluorescent in Situ Hybridization. Slides of banded human metaphase spreads were hybridized with biotinylated Ahtrpl-2 DNA, the hybridization signal was detected, and slides were counterstained all as described (34) . RNA Blot Analysis. RNA blots were purchased from Clontech. Fetal RNA was pooled from various developmental stages (19-26 weeks (Fig. 1) .
Comparison of the deduced amino acid sequence with the gene and protein data banks demonstrated significant homology to all three members of the TRP gene family. We found 38-40% identity and 58-62% sequence similarity between the human sequence and TRP, TRPL, and the C. elegans TRP (cTRP) over 624 amino acids ( Fig. 1 ; TRPC1 residues 97-720). In addition, there was a second region near the C terminus that was '30% identical and 60% similar to each of the TRP fatnily proteins. Overall, the human gene was as similar to the invertebrate TRP family genes as the invertebrate family members were to each other. The only exceptions were four small gaps of 9-34 amino acids in the human protein (beginning after residues 158, 425, 499, and 600) relative to Drosophila TRP and TRPL (Figs. 1 and 2D) . Three of the four gaps occurred in similar positions in cTRP. Due to the high level of similarity to the TRP family members, this human gene will be referred to as TRPCJ (transient receptor potential channelrelated 1).
Domains in TRPC1. The sequence identity between TRPC1 and the invertebrate TRP family proteins was significantly higher in the putative cytoplasmic regions (73% residues were identical with at least one other family member) and transmembrane segments (62%) than in the putative extracellular loops connecting the putative transmembrane domains (31%) (Fig. 2D) . The cytoplasmic region near the N terminus of TRPC1 (residues 98-368) was most conserved (80%), and the domain C-terminal to the membrane-spanning segments was 66% identical between TRPC1 (residues 664-720) and at least one other TRP family member. The lowest conservation in the putative cytoplasmic region was in the two loops connecting the putative transmembrane segments (50%).
The N-terminal region of TRPC1 contained two motifs. The first was an ankyrin motif repeated three times in tandem near the N terminus of all TRP family members (38) . A fourth ankyrin repeat was present in the invertebrate TRPs but not in TRPC1. The second domain, residues 256-300, was predicted to form a coiled-coil structure (84% probability) on the basis of an algorithm designed to identify such motifs (Fig. 2 A, C , and D) (36) . This coiled-coil region was also predicted to occur in Drosophila TRP, although with low probability in TRPL and cTRP.
The C-terminal 90 amino acids of TRPC1, which had lower identity to the invertebrate TRPs, showed significant homology to dystrophin [P(N) = 1.5 x 10-5; residues 718-809; Fig.  2D ]. Included in the dystrophin domain was a region with a high probability (62%) of forming a coiled-coil structure (residues 760-795; Fig. 2 A, C, and D) . The N-terminal 95 amino acids of TRPC1 was not homologous to any protein in the data banks.
Hydrophobicity analyses indicated the presence of eight hydrophobic regions of sufficient length to span the membrane ( Fig. 2B; tion was detected in 11 metaphases, in the middle of the long arm (q) of chromosome 3. An additional four cells showed hybridization signals in the metaphases, previously documented by G-banding (Fig. 3) . No consistent signal was identified on any other chromosome. We assigned the Ahtrpl-2 hybridization signal to 3q22-q24. No likely candidate diseases map to this position.
Tissue Distribution of TRPC1. To determine which human fetal and adult tissues express TRPC1, we probed RNA blots containing poly(A)+ RNA prepared from various tissues. We found that TRPC1 was expressed as a single mRNA species that migrated at 5.4 kb (Fig. 4) . During fetal development, TRPC1 was expressed at the highest level in the brain and at lower levels in the liver and kidneys (Fig. 4A) . In situ hybridizations (on fetal rats) were consistent with these findings (Fig.  5) . A strong signal was detected in the telencephalic, diencephalic, and hindbrain regions of the embryonic brain, and weaker signals were detected in the heart and the liver/spleen/ gastrointestinal tract anlagen (Fig. 5) . No signals were detected in embryos labeled with sense control probes (data not shown). In the adult, TRPCI was expressed at the highest levels in the heart, testes, ovaries (Fig. 4 B and C) , and in many regions of the brain (Fig. 4 C and D) .
Identification of Additional Putative Human Homologs of TRP. We recently queried the Expressed Sequence Tag data base with the BLAST algorithm using different TRP family members and found two sequences (T67673 and R34716) obtained from clones (66773 and 37199) isolated from human fetal liver/spleen and fetal brain cDNA libraries, respectively, with homology to the TRP family [smallest P(N), which was to TRPL, was 3.7 x 10-11 and 2.0 x 10-18, respectively]. Clones 66773 and 37199 contained 100-and 85-amino acid regions, which were 37-47% and 40-49% identical to various members of the TRP family, respectively (Fig. 1) . Due to the homology to the TRP family, these genes are referred to as TRPC2 and TRPC3. TRPC2 may be a pseudogene because a stop codon, corresponding to residue 690 in TRPC1, was present in two cDNAs isolated from different cDNA libraries. TRPCI and TRPC2 do not form a gene cluster because TRPC2 mapped to llpl5.3-15.A (data not shown). In contrast to TRPC2, TRPC3 appears to represent a second bona fide human member of the TRP family.
DISCUSSION
The TRP Family of Genes Is Conserved from Worms to Humans. Ca2+ influx stimulated by the inositol phospholipid signaling system occurs in many cell types in vertebrates and invertebrates (for review, see refs. 1, 3-6, 40 ). Many studies, primarily in various human cell lines, indicate that the non- tially activated by depletion of Ca2+ from the internal stores (15, 18, 22) . Because Ca2+ channels with electrophysiological characteristics reminiscent of TRP have been observed in many human cells, it is possible that one or more human homologs of TRP mediate these conductances.
TRPC1 appears to be a homolog ofDrosophila TRP because it is "40% identical to the invertebrate TRPs over 624 amino acids. This region contains the ankyrin repeats and the six putative transmembrane domains. Furthermore, TRPC1 was as similar to the Drosophila and C. elegans TRP family members as the invertebrate TRPs were to each other. A critical feature shared between TRPC1 and the other TRP family members is the absence of charged residues at every third or fourth position in the putative S4 transmembrane segment proposed to be necessary for the voltage sensor in many voltage-gated ion channels. The absence of these charged residues is consistent with the observations that Drosophila TRP 
